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3-D Computer Simulations of EM Fields in the APS Vacuum Chamber -
Part 2: Time-Domain Analysis 

In Ref. [1], we analyze the RF modes of the 1-meter-long sector of the APS vacuum 
chamber in the frequency-domain. This note is a parallel analysis in the time-domain. 

There are quite a few measurements completed on this 1-meter-long sector. [2] In or
der to understand these experimental results, in particular, the cause of the strong peak 
around 4 GHz observed in the narrow gap, the 3-D real-time computer simulations are 
carried out using MAFIA. [3] In these simulations, the vacuum chamber is approximated 
by the geometry shown in Fig. 1. The 1-inch-diameter beampipes, which are attached 
at both ends of the beam chamber, are infinitely long (so-called the open boundary con
dition). A Gaussian-distributed rigid bunch traverses this structure along (or slightly 
above) the axis of the beampipes and generates wakefields, which are computed by the 
time-domain solver T3. Five probes are placed inside the top of the vacuum chamber 
along the horizontal directi~n. One is in the beam chamber, three in the narrow gap 
and one in the antechamber, see Fig. l(b). These probes record the E and H fields at 
each location as a function of the wall clock time t. The E(t) and H(t) are then Fourier
transformed and the spectra are compared with that obtained from measurements. 

The resolution of our Fourier transform is about 0.17 GHz. This means that there 
are about 60 points in the region from 0 to 10 GHz, within which the real and imaginary 
parts of the Fourier transform of E( t) and H( t) are plotted. The power spectra, which 
are the sum of the squares of the two parts, is not plotted; but its peaks should be easily 
located in the figures below. 

Several types of simulations have been performed, each using the upper half of the 
geometry but with different configurations and boundary conditions. 

1. The sector is 1-m-long. The bunch has an r.m.s. length, O'b, of 2 cm (67 ps). The 
y = 0 plane is a magnetic boundary (permeability JL = 00). The 1-inch-diameter 
beam holes are at the center of the beam chamber. 

2. Same as 1, but the beam holes are displaced horizontally by 1 cm. 

3. The sector is 10-cm-long. The bunch length, O'b, is 0.75 cm (25 ps). The y = 0 
plane is a metallic boundary (conductivity 0' = 00). The beam holes are at the 
center of the beam chamber. 

4. Same as 3, but the beam holes are displaced horizontally by 1 cm. 
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The main results of these runs are shown in Figs. 2-5, and are explained below. 

1. In run I, the boundary conditions at the y = 0 plane allow for T Mml modes 1 but 
10 • J rn T.1 1 0 11 ?: rn1 ,rY" ,. ,. ., ............. II" ellffilna-re.L bmo moaes m -rne narrow gap - . .tne cut on rrequency 01 the 'l'M waves, 

i.e., the frequency of T Mll mode, of the gap is about 15 GHz and is much higher 
than that of the beam chamber, which is about 4.6 GHz (see [4]). Therefore, we 
do not see any significant field components in the gap, nor in the antechamber. 
As shown in Figs. 2(a)-(c), the E fields in the beam chamber have a magnitude 
of 1013 VIm, while that in the gap and in the antechamber are, respectively, five 
and ten orders of magnitude lower. In other words, the T M modes do not couple 
between the beam chamber and the antechamber, as expected. 

Figs. 2( d) and (e) show the spectra ofthe E fields at probe 1 in the beam chamber. 
It is seen that the spectrum of Ey contains low-frequency componenets, which 
are T E modes, whereas that of E z starts at about 4.6 GHz, consistent with the 
excitation of the first T M mode. 

2. The results of run 2 are similar to that of run 1. 

3. In run 3, the boundary conditions at the y = 0 plane do allow for T Emo modes 
in the gap. The cutoff of T Emo is low (about 0.33 GHz [2]). When the bunch 
enters the beampipe, T M waves are generated and propagate. These T M waves 
get scattered at the discontinuous corner between the beam holes and the beam 
chamber. The scattering excites T E waves, which can then easily penetrate into 
the gap as well as into the antechamber. 

To convince oneself that this is a correct picture, let us compare the time delay 
of the starting point, the first peak and the first big peak of the Ey field observed 
at Probes 1, 3 and 5, with that calculated from the geometry. The calculations 
are demonstrated in Fig. 3, in which the time needed for electromagnetic waves 
propagating from one point to another is indicated in nanoseconds. The r.m.s. 
bunch length, O"b, is 0.025 ns. Half of the total bunch length is 5 O"b, namely, 0.125 
ns, which has to be taken into account. Let us now take Probe 3 as an example 
to demonstrate our calculations. The distance between the entrance and Probe 3 
is 0.47 ns. This is when the E-field starts to show up at Probe 3. As the bunch 
center enters this geometry, which gives another time delay of 0.125 ns (5 O"b), we 
see the first peak of E y • When the bunch center reaches the discontinuous corner 
between the exit beam hole and the beam chamber, the back-scattered waves will 
enhance the fields at Probe 3 so that we will see a big peak as shown in Fig. 4( c). 
The total time delay for this big peak is 0.8 ns (Fig. 3) plus 0.125 ns, i.e., 0.925 ns. 
Table 1 gives a complete list of the results of this comparison. The good agreement 
between the observation and the calculation supports the explanation given in the 
previous paragraph. 

1 Here the notations of rectangular waveguides are adopted, namely, the subscripts of T M (T E)m,n 
stand for the number of half-waves in the x, y direction, respectively. 

2The T EOn modes are also allowed for in the gap. But we have no interest in them, because their 
high cutoff frequency prevents them from penetrating into the gap. 
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Furthermore, our results also indicate that the fields penetrating into the gap and 
the antechamber are T E waves. Fig. 4 shows that the major E component, E y , 

has about the same magnitude of 1013 Vim across the whole vacuum chamber -
in the beam chamber, in the gap and in the antechamber. The Ez component is 
negligible (five to seven orders of magnitude lower than that of Ey) in the gap as 
well as in the antechamber. On the other hand, the Hz and Hz components of the 
magnetic fields across the vacuum chamber have about the same magnitude (1010 

Aim), and the Hy in the gap is insignificant (seven orders of magnitude lower). 
Therefore, we claim that the modes in the gap are of the T E type. 

Because the cutoff of T M modes in the beam chamber is about 4.6 GHz, it is 
conceivable that the T E wave spectra will have its first peak around this frequency. 
This is justified by Fig. 4( d), which shows that the first peak of Ey in the gap is 
indeed close to 4.6 GHz. The measured frequency of this peak is about 4 GHz, 
which is somewhat lower than our simulation results. One possible explanation 
for this discrepency is that the resolution of the measured spectra is relatively 
rough (about 0.5 GHz). One may, of course, equally well argue that the results of 
MAFIA output are not accurate enough. 

The fields at probes 2, 3 and 4 in the gap and that at probe 5 in the antechamber 
are all of the same magnitudes. This is in contrast with the measurements, which 
show that the fields at probes 2, 4 and 5 are much weaker than that at probe 3. 
The reason is unknown. 

4. In run 4, when the beam holes are displaced along the horizontal axis, the fields at 
probe 3 remain about the same as that in run 3, as can be seen in Fig. 5. This is 
again in contrast with the measurements, which show that, in this case, the fields 
in the gap are greatly suppressed. 

In summary, our simulations suggest that the strong peak around 4 GHz in the nar
row gap observed in the measurements is generated by T E modes. Therefore, one should 
not worry about this peak insofar as the coupling impedance is concerned. (Recall that 
T E waves do not contribute to the impedance.) On the other hand, some discrepencies 
between our simulations and the measurements are noticed and remain to be resolved. 

The author thanks Dr. T. Khoe and Dr. J. Cook for their helpful discussions. 
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Table 1. Time Delay -- Comparison bet~een Observation and Calculation 

Probe 1 Probe 3 
------- -------

(0) (c) (0) (c) 
Starting pt. (ns) 0.23 0.23 0.47 0.47 
1st peak (ns) 0.36 0.355 0.6 0.595 
1st big peak (ns) (ditto) 0.9 0.925 

Notes: (0) observation [see Fig. 4(a), (c) and (e)J. 
(c) calculation [see Fig. 3J. 
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Fig. 1. (a) The geometry used in the 3-D simulations. The l-inch- diameter beampipes 
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Fig. 2. The E(t) fields and their spectra obtained from run 1 (see text). 
(a) E(t) fields in the beam chamber, with magnitude 1013 Vim. 
(b) E(t) fields in the narrow gap, with magnitude 108 Vim. 



1::.;:::T:"::'f e Sv.~ J>:::~;T;::::f J,T. t!... ~!.?E-!.::--" 'f.. e~!~:"! 

f"I,'\FIACT3): E - FIELD AS 1'1 FUNCTIO~l OF TIrlE 
.1 

(c) 

iifl:fl!rl~rm~~~~1-rm~lii~·]~~n\m.11~~f;~~m~il~~mf@. ~~i;lt\~li~l 

, "!i"l II~I ~ 'lil'i' II rr'lf' 1 rlr!~ wr Ii \ Irrllllllilj'\! 

-.1 

--- £.!-:--=::~ XL'Jo'~\-~~ ~~,.~V/}1 AT. U ... -~ ... v ~ 
- - - Fi-:-~~ 1'\1:'., .... ;.-'?,l;.:'E·;0.Z/ c.:::::;'::":'~t·"" Ai U ... _::!.v ... . 
----- E":oI~-r=:!...!:l r:rl"'A-7~-re.!J 7.]~'tUVnt r.1 U ... -t!."" .. v ... 

I 

i..7E~. v ... 
1~-l~. v ... 
l...7::::--e~~. Ii ... 

I 

. , 

7-.J.I'Cd =1)'0.. U»Oi:-02 

P~~""i 1 SS1.."'! ~7::::1 AT, U ... ~':-"=::-~ !"' .. y... e.=c.~~:-:. 

i-l,\PIf.CT3): EV - FIELD FOURIER TRf.i'iSrCR;~E:D 

.1 !! ! I I \ (d) :1 If , 1 

1\ I :: I :\! : ~ . I ; ~ ! ~ I ,~ :~ I i I '1\ "I :',1 ,,~ :\ ' I : " 'r::' i ", · \ I I 1 tt 1\/ It I 

\ 

' , , I I' 11 ~ 

\ I : 1 I I i I.j \ "i' ~ J I t I r I t I ' ~ 
I I f I I J f :1·\ ~ 

!'f. \.: I' : \. I:, I r 1\ ,;/, ~, , } 

\ 
; I' I, I \.: \ I ~, ') 'j \ '\ 1\ 

\ : I~ \ : .; . : I; \: \ \ : P l : ~ \ : n \ il, \ d\ : ~, " "!\ I ':- ., 
0 

Ii Ijl TJ ril:/ :IV \\y 'V;'iJ\~ '. ;'Y. "i ' - -. 
\ I I 1 I I I I I ' , 'y '\' \' ,j!' .' 

1\: 
1 I I I I I I I 'I) I \0" .. 

I I I l I ,1 t \ 

:: \~ 
\ I \: '.r " " \ t \ 1: 

I I, 
1 I I. 111 \. ~ ~ 

~ I! ~ ~ \ i ~t ~ I ~ , 

'; J II tJ .. I 
'';' 

1'l' I, 
It II t I 

\, \I 

" 
\ 

" " II ,I I 
" " 'I " II ': 

, 
" It ,. t 

" " i . I 
" " 

~ \ I , , 
\ ! , 

-1 
I , i 

~~'1~ ~~ J..nZ~J s..::.:z,.:::; 2.:.l~~ .!.,;:~,....!. 

E!..!-:---::.n.:: !'!.!1J"'A1. -un:-:c' ~C'1'.uY/11. Al U ... ~.: :s.~l'\. y - !.7SE-t::''i. W .. • u:::o;,o:x 
- - - rE.v.. ?"t;:i'i 
- - - - - r'.,·;:z:;u,.Cl.'! ?,;.?1T f::::::::.!:::;·IC:Y I Cc:::' 

Fig. 2. (c) E(t) fields in the antechamber, with magnitude 102 Vim. 
(d) The spectrum of the Fourier transform of Ey in the beam chamber. 
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Fig. 4. The E(t) fields and their spectra obtained from run 3 (see text), 
(a) E(t) fields in the beam chamber, with magnitude 1013 Vim. 
(b) The Fourier transform of Ey in the beam chamber. 
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Fig. 4. (c) E(t) fields in the narrow gap. The major component is Ey of the magnitude 
1013 Vim. Both Ex and Ez are negligible (six orders of magnitude lower). 
(d) The Fourier transform of Ey in the narrow gap. Note that the first peak 
appears at about 4.6 GHz. 
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Fig. 4, (e) E( t) fields in the antechamber. The major component is Ey of the magnitude 
1013 Vim. Ez is negligible (seven orders of magnitude lower). 
(f) The Fourier transform of Ey in the antechamber. Note that the first peak 
appears at about 4.6 GHz. 
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Fig. 4. (g) H( t) fields in the beam chamber, with magnitude 1010 Aim. 
(h) H(t) fields in the narrow gap. The magnitudes of Hx and Hz are 1010 Aim, 
whereas Hy is negligible (seven orders of magnitude lower). 
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Fig. 4. (i) H(t) fields m the antechamber, with magnitude 109 Aim. 



p'hrrn:N .. (3) SEMI R..'QTJCIl .'IT. U • -l..!::cl'e-;:':; ~t V = 1E~~!1 

l'lt\FI.t\(13): E - FIELD f..5 /\ FLNCTION OF TH1E 

o 

I \ 
I I 
I I 

'I 

I I 
I 

-l ~~~~~-4-4-+-+~~-r~~+-+-+-~r-~~-4-+-+~~~~~ 
at\,:Ei"O :.::.>102'""'.1 4j;\)E-~.l.. E.NE-ill u.:e-<l.l.. lJlCE .. ro 1.:;':~,,\) 1. ... "E:{1:'O 

--ElJ-nu.o I1IN·"'-3.7EE:-h<<SI' Z.=-trcUK Ai U" .1..J.l:C: -ru.)~ V = :;=-<!~.~'" ~..a.'€:-t..:Jtt1 

- - - E'/-nU.O I1::J-J··"'-.1~+.!'=/ I..:EEH3IfH ."" U" .1...!.l:E: -l).1.)~ V:: :l.7:E""~, II :: ilJ:II'Ewt:!1 
----- E'A--r:IELO NIN·\'.-7.<.:a,oJ<'lE:.' 574SH'E'U)t A1 U = .1..1£<0: -ru.lt V = J=-;J~. II :: ~',€:Hni. TIJ'~E/ NSEC. 

Fig. 5. The E(t) fields in the gap obtained from run 4 (see text). The Ey 
component has a magnitude of 1013 Vim, while Ex and Ez are negligible. 




